social jetlag because they have early-morning work schedules that do not match their natural internal rhythms. People with a late chronotype are less physically active, have a higher BMI, and are at increased risk of developing type 2 diabetes and metabolic syndrome (15) (16) (17) (18) . Misalignment of circadian rhythms may be a contributing factor leading to obesity and metabolic dysfunction in late chronotypes (19) .
The circadian system is remarkably sensitive to environmental cues that synchronize internal rhythms to external cycles. Therefore, behavioral, noninvasive therapeutics could tap into these input circuits and align internal and external rhythms in individuals with disrupted circadian systems. In addition to light, exercise can entrain the circadian system in mammals (20) (21) (22) (23) (24) . It is well known that regular physical activity has substantial health benefits, including improvements in cardiometabolic health, obesity, anxiety, depression, cognition, and overall wellbeing (25) (26) (27) (28) (29) (30) . However, the role of exercise in regulating the circadian system has not been studied sufficiently. Exercise, if performed at the appropriate time of day, could shift the phase of the internal circadian rhythm and therefore improve circadian misalignment. In many individuals, especially in people with a late chronotype, an advance of the internal circadian rhythm would better align internal rhythms with the environment and with standard social schedules. Recent studies in mice showed that exercise performance, gene transcription, and energy utilization depend on the time of day of exercise (31, 32) . Clinical studies have conflicting results, but some have shown that morning or early afternoon exercise phase advances, while evening exercise phase delays the internal circadian rhythm (21, (33) (34) (35) (36) . However, most of these prior studies were performed in controlled lab conditions, and many studies included physically active adults such that the results may have been confounded by recent nonlaboratory exercise regimens.
The purpose of this study was to investigate the impact of timed exercise on circadian rhythms in free-living (i.e., not in the laboratory), sedentary young adults. We found that morning (compared with evening) exercise advanced the phase of the circadian rhythm and that both morning and evening exercise advanced circadian phase in people with a late chronotype.
Results
Time of exercise affects the phase of circadian rhythms in young adults. To investigate the effects of timed exercise on phase shifts of the internal circadian rhythm, we studied young men (n = 16) and women (n = 36) ( Figure 1 , Table 1 , Supplemental Table 1, Supplemental Table 2, and Supplemental Table 3 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.134270DS1). Young adults tend to have later sleep timing (late chronotype) (37), and they could therefore have the greatest benefit from timed exercise, if that exercise advanced their circadian rhythms. We also studied only sedentary participants (≤ 2 hour moderate-vigorous structured exercise/week), and they exercised only during the 30-minutes scheduled and supervised session. Age, anthropometric, body composition, and cardiorespiratory fitness measures did not differ between participants who exercised in the morning compared with those who exercised in the evening (Table 1 and Supplemental Table 1 ).
To mark the phase of the internal circadian rhythm and to time the exercise intervention, we measured the rise in salivary melatonin levels before habitual bedtime, called the dim light melatonin onset (DLMO), which is a well-established, reliable, and widely used marker of internal circadian phase of human participants (38) . A baseline DLMO was performed first (Supplemental Figure 1 ). After the baseline DLMO, participants were then randomized to an exercise intervention at either 10 hours after DLMO ("morning exercise") or 20 hours after DLMO ("evening exercise"). We then measured DLMO again after 5 days of the timed exercise intervention to determine if there were changes in phase. In baseline and postexercise DLMOs, salivary melatonin levels were initially at low daytime levels (<2 pg/mL) at the onset of the DLMO protocol and then increased past the 4 pg/mL threshold. In 2 of 52 participants, however, salivary melatonin levels were variable during the first 2 hours of the DLMO protocol.
After adjusting for the difference in baseline DLMO between the groups, the morning exercisers had a significantly greater phase advance (0.62 ± 0.18 hours) than evening exercisers (-0.02 ± 0.18 hours; Figure  2 ; P = 0.01, phase shift DLMO adjusted in Table 2 ; Supplemental Table 4 ). Importantly, the morning exercisers had a 0.6-hour phase advance, which could theoretically better align their internal circadian rhythms with the light-dark cycle and with early-morning social obligations.
We also analyzed sleep during the 5 days of exercise using actigraphy. Sleep onset and midsleep during the exercise days were significantly earlier in the morning group compared with the evening group (Table  2) . This is consistent with the trending earlier chronotype in this group, and it may also reflect a phase advance caused by morning exercise. Sleep fragmentation index, a measure of sleep quality, and sleep duration did not differ between the exercise groups. Therefore, despite the earlier timing of sleep in the morning exercise group, the quality and duration of sleep were similar between groups.
The magnitudes of phase shifts and other sleep and circadian parameters were not significantly different between male and female participants (Supplemental Table 2 ). Consistent with previous studies, there were sex differences in anthropometric, body composition, and cardiorespiratory fitness measures (Supplemental Table 2 ) (39, 40) .
Phase shifts caused by timed exercise depend on chronotype. For this study, we enrolled young, sedentary participants without regard to chronotype. As a result, our participants had variable chronotypes that were normally distributed, similar to previous studies of chronotype in young adults (41-43) (Supplemental Figure 1 ). We next determined whether the magnitude of phase shifts elicited by timed exercise depended on chronotype. We found that there was no significant association between DLMO and phase shifts in the morning exercise group ( Figure 3A) , but there was a strong association between chronotype and phase shifts in the evening exercise group ( Figure 3B ) such that late chronotypes had the greatest phase advance. Because these analyses suggested that baseline internal phase modifies the relationship between timed exercise and phase shift, we examined the impact of morning or evening exercise on phase shift stratified by earlier and later chronotypes ( Figure 4 and Supplemental Table 5 ). We found that earlier chronotypes had phase advances (0.49 ± 0.25 hours) with morning exercise but phase delays (-0.41 ± 0.29 hours) with evening exercise. In contrast, later chronotypes had phase advances with either morning (0.54 ± 0.29 hours) or evening (0.46 ±0.25 hours) exercise. Sixty-seven participants were randomized to morning or evening exercise, and 11 participants subsequently withdrew. Fifty-two participants were included in the analytic data set (after removing 4 participants because phase could not be determined from the melatonin data). insight.jci.org https://doi.org/10.1172/jci.insight.134270
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Discussion
Exercise has many well-established benefits to physical and mental health (25) (26) (27) (28) (29) (30) . The intensity, duration, frequency, mode, volume, and progression of exercise to optimize the beneficial effects have been well characterized (26, 44, 45) . However, the proper timing of exercise and its potential added benefit of improving circadian entrainment have not been investigated thoroughly. Disruption of circadian rhythms (e.g., by shift work, social jetlag, early-morning schedules) is associated with metabolic disorders, cardiovascular disease, and cancer (6) (7) (8) (9) (10) (11) . If exercise could reduce circadian disruption, then it may also improve the risk factors associated with this disruption. A tenet of the mammalian circadian system is that it is differentially sensitive to stimuli given at different times of day. Therefore, it is likely that the response of the internal circadian rhythm to exercise depends on the time of day of exercise. We chose morning and evening exercise for 2 reasons. First, morning exercise has been shown, in some studies, to cause significant phase advances, which could alleviate circadian misalignment in late chronotypes and others whose internal rhythms are delayed relative to the environment (21, 33, 34) . Second, morning and evening are the most common times when people exercise on weekdays, so exercise at these times could be implemented as feasible behavioral interventions for circadian disruption in free-living individuals (46) . When all participants were considered, we found that morning exercise advanced the phase of the internal circadian rhythm, while evening exercise did not in young sedentary adults. Young adults, on average, have the latest chronotypes and, therefore, the greatest potential of all ages to experience circadian disruption caused by misalignment of their (later) internal circadian rhythms with early-morning obligations (37) . Therefore, our study showed that morning exercise has the greatest potential to alleviate circadian misalignment in young adults. With regard to the feasibility of implementing a morning exercise regimen in a young adult, the exercise timing in this study was based on DLMO; therefore, a person with a late chronotype, as is often seen in young people, would likely be exercising midmorning or late morning. Thus, a morning exercise prescription is feasible even for a person with a late chronotype.
The mechanisms by which morning exercise advances the internal circadian rhythm are unknown. It is well known that exposure to morning light can phase advance the internal rhythm (47, 48) ; therefore, the combination of exposure to morning light and morning exercise could have additive phase-advancing effects on young adults in free-living conditions. Indeed, a previous study performed in controlled laboratory conditions that combined the 2 stimuli observed an additive phase-shifting effect (20) . Thus, the combination of light and exercise may be a very effective treatment strategy to alleviate social jetlag and the associated metabolic derangements.
Although morning exercise was the ideal time to induce phase advances in the group as a whole, we also found that baseline DLMO influenced the phase advance caused by timed exercise. For later chronotypes, both morning and evening exercise advanced the internal circadian rhythm. In contrast, earlier chronotypes had 
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phase advances when they exercised in the morning, but they had phase delays when they exercised in the evening. These results suggest the need for personalized exercise timing prescriptions based on chronotype. Late chronotypes, who experience the most severe circadian misalignment, may benefit from exercise in the morning or evening. On the other hand, evening exercise may exacerbate circadian misalignment in early chronotypes. Numerous epidemiological studies have also shown that cumulative years of exposure to circadian disruption (e.g., >5 years) markedly increases the risk of heart disease, breast cancer, and type 2 diabetes compared with acute exposure (49) (50) (51) . Since the negative effects of circadian disruption increase with years of exposure, it is ideal to target young adults, who are particularly susceptible to circadian misalignment, to reduce the cumulative years of exposure. Our study demonstrates that timed exercise is effective in shifting the phase of the internal circadian rhythm and, thus, has the potential to reduce early-life exposure to circadian disruption and thereby reduce cumulative exposure over a lifetime.
The design of this study had a number of strengths when compared with previous studies. This study involved participants in "free-living conditions," and the results of our study were in agreement with previous studies in laboratory conditions where morning/early afternoon exercise similarly advanced the phase of the internal circadian rhythm (21, 34) . In addition, the exercise intensity was based on each participant's maximal graded exercise test (GXT max ) results to provide standardized exercise stimuli and our exercise regimen was practical (moderate exercise for 30 minutes per day). This is in contrast to several previous studies that did not standardize the exercise intensity relative to cardiorespiratory fitness (21, 52) , or used long (3-hour) exercise bouts or multiple exercise sessions per day (22, (53) (54) (55) . We also chose exercise times that are common in daily routines. Morning and evening are the most accessible times for much of the population. Other studies have investigated the effects of exercise at all times throughout the day and even in the middle of the night, which are not practical for translation to free-living people (20-22, 33, 36, 53, 56) . Some previous studies also performed postexercise phase assessments on the same day as the exercise stimulus, making it difficult to differentiate between an acute effect of exercise or a phase shift (36, 54) . In our study, we measured the phase of the internal circadian rhythm on the day after the 5th day of exercise, thereby avoiding the acute masking effect of the exercise session. Finally, although we used well-established and reliable measures of circadian rhythms (DLMO, actigraphy) and cardiorespiratory fitness (GXT max ), and although we normalized exercise intensity and timing across participants to rigorously test the effect of timed exercise on circadian phase, we can also make these predictions and prescriptions using cheaper and easier methods. For example, we can predict internal phase (and therefore prescribe exercise time) from simple questionnaires (e.g., DLMO is highly correlated with preferred sleep timing) (57). 
There were some limitations of our study. First, given that we designed our experiment to examine individuals under free-living conditions, we did not control for other stimuli that could affect the internal circadian phase. For example, travel to the lab for morning exercise could have resulted in increased light exposure during this time, facilitating phase advances independent of or in addition to exercise. In addition, the phase delays experienced by early chronotypes in the evening exercise group may have caused later wake times and deprived this group of morning light exposure. However, we did not design the study to collect baseline sleep measures; therefore, we could not determine whether the exercise intervention affected sleep timing. We began actigraphy recording at the time of consent and continuously recorded for the duration of the study. However, the number of baseline days recorded varied among the participants (1-9 days). Therefore, we could analyze sleep only during the exercise intervention.
A second limitation of our study is that we did not control for sleep timing or duration (e.g., individuals were instructed to sleep as they normally would). This was because our goal was to study participants in free-living conditions. Previous research has shown that changing sleep timing can affect DLMO (57, 58) , but no studies, to our knowledge, have studied the effects of sleep duration/restriction on circadian phase shifts induced by exercise. It is possible that waking and traveling to the study site for morning exercise could have reduced sleep duration or sleep timing in this group compared with baseline. Since we did not measure baseline sleep, we cannot address whether the time of exercise affected sleep. However, there was no significant difference in sleep duration between morning and evening exercise groups during the 5 days of exercise, so it is unlikely that sleep duration markedly affected phase shifts.
A third limitation is that we studied only young, sedentary, healthy adults in free-living conditions. Therefore, it is unknown whether timed exercise will similarly phase shift the circadian system of older adults or of individuals with chronic illnesses (e.g., heart disease, diabetes). A previous study found that the phase-shifting effects of exercise were similar in younger and older adults (59), so we can speculate that timed exercise may similarly affect older adults. However, while we propose that a phase advance is typically the ideal shift for young adults (because their internal rhythm typically lags behind their social obligations), a phase delay may be ideal for older adults. This is because circadian phase advances as a normal process of aging (60, 61) . Therefore, older adults often wake up early in the morning before their social obligations, and a phase delay could allow them to sleep later. Neurodegenerative diseases, such as Alzheimer's disease (62) , also have comorbid circadian disruption, and future research could investigate the efficacy of timed exercise in reducing circadian disruption in chronically ill participants.
In this study, we only investigated the effect of moderate cardiovascular exercise on circadian phase. It is possible that other exercise modalities (e.g., resistance training) may also phase shift circadian rhythms. However, to our knowledge, only cardiovascular exercise has been used in previous studies (20, 22, 34, 36, 56) . Exercise duration and intensity may influence phase shifts. A previous study found that a low-intensity, 3-hour exercise session and a high-intensity, 1-hour exercise session caused phase shifts that were similar in magnitude and direction (55) . Therefore, the dose of exercise, which is a product of intensity and duration, may be important but could be achieved by distinct exercise regimens. We chose 30 minutes of daily, moderate-intensity cardiovascular exercise (e.g., a brisk walk or light jog) for our study because this is a feasible exercise dose that is translatable to everyday life. Now that we have identified the proper exercise time to advance circadian rhythms, which can be tailored for chronotype, future studies should investigate the effects of timed exercise on circadian misalignment and risk factors for metabolic disorders, heart disease, and cancer. A personalized exercise intervention can be determined for an individual and could be part of a workplace wellness program; thus, it could be a widely disseminated best practice. Although it is not feasible to perform DLMOs on most individuals, chronotype questionnaires or self-report of preferred sleep timing could be used as a proxy for DLMO when prescribing the appropriate time to exercise (57) . Importantly, exercising at a time of day that elicits a phase advance could increase the already-substantial benefits of exercise on health in young adults.
Methods
Participants. Data were collected between July 2017 and March 2019 in Lexington, Kentucky, USA (38.0406°N, 84.5037°W), year-round, except during the 4 weeks following each semiannual daylight saving time transition. Participants were recruited via local advertisements and were first screened by telephone to query sleep habits, medical diagnoses, and medication use. Participants enrolled in the study were 18-45 years old, healthy, sedentary, and medication-free (except birth control), and they reported no psychiatric or sleep conditions. Participants had not traveled across more than 1 time zone in the 4 weeks before beginning the study and reported no night or rotating shift work in the previous year.
Study protocol. Participants were informed of the purpose and design of the study and provided written consent before participation ( Figure 5 ). Immediately following consent, participants completed questionnaires regarding preferred daily timing of sleep and activities, or chronotype (described below). Each participant completed a Physical Activity Readiness Questionnaire (PAR-Q) and Health History Form to identify existing contraindications to exercise, as specified in the American College of Sports Medicine Guidelines for Exercise Testing and Prescription (63) . At the consent session, height and weight were also collected, and participants were given actigraphy devices to wear for the duration of the study to measure activity and sleep. One to 9 days after the consent session, participants performed a baseline measure of circadian phase called DLMO to determine the timing of the internal circadian rhythm (described below). Next, cardiorespiratory fitness was determined by measuring peak oxygen consumption (VO 2peak ) from a GXT max as we have previously described (64) . Circumference measures, as well as a dual energy x-ray absorptiometry scan (GE Lunar iDXA), were performed to assess body composition. A single, trained investigator analyzed all scans using the Lunar software Version 14.10. Participants then performed 5 days of supervised treadmill exercise in the morning or evening. Participant randomization was performed using 
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Statistical Analysis Software (SAS, Version 9.4). Participants maintained a heart rate corresponding to 70% VO 2peak for 30 continuous minutes during exercise. One day after the final day of exercise, a postexercise DLMO was performed to assess changes in the internal rhythm resulting from the exercise intervention.
Chronotype questionnaires. Each participant completed the Morningness-Eveningness Questionnaire (self-assessment version, MEQ-SA) to determine chronotype (65) . We also collected the Munich Chronotype Questionnaire (MCTQ) to estimate habitual bedtime (37) . Previous studies have used the MCTQ to calculate MSF sc (midsleep on free days sleep corrected ) as a measure of chronotype; however, we were unable to use this measure since 42% of our participants used alarms on free days or had irregular work schedules (6) .
DLMO. DLMO was performed as described previously (66) . A conventional DLMO protocol was conducted, with sample collection beginning 8 hours before habitual bedtime (67, 68) . Participants were instructed to abstain from taking nonsteroidal antiinflammatory drugs (NSAIDs) throughout the study and from eating bananas, caffeine, and chocolate and from drinking alcohol on the day of the assessment because these have been shown to alter melatonin measurements (69) (70) (71) (72) . Participants were exposed to < 10 lux at eye level, and no light-emitting electronic devices were permitted during DLMO testing to avoid light suppression of melatonin (73) . Saliva samples were collected hourly, except between 2 and 4 hours before habitual bedtime, when samples were collected every 30 minutes (because this is when melatonin levels typically rise; ref. 57) , and the final sample was collected at or just after habitual bedtime. Participants were allowed to eat snacks (snacks contained no artificial colorants) except during the 30 minutes before sample collection. They were instructed to rinse with water 30 minutes and 15 minutes before sampling and to remain seated for 15 minutes before sample collection. Saliva was collected in salivettes (Sardest). Melatonin was measured by SolidPhase Inc. using a BUHLMANN Direct Saliva Melatonin Radio Immunoassay test kit. DLMO was calculated as the time when melatonin concentration exceeded and remained above 4 pg/mL (linear interpolation) (74, 75) . DLMOs were performed at baseline and 1 day after the final day of exercise ( Figure 5 ).
Actigraphy. Beginning at the time of consent, and for the duration of the study, a triaxial actigraphy device was worn on the nondominant wrist. Actigraphy data were downloaded in 10-second epochs and analyzed using AcitLife sotware (version 6.13.3). Wear-time validation was performed by indicating nonwear times in the software. Following reintegration to 60-second epochs, the Sadeh algorithm (76), combined with sleep logs, was used to assess sleep timing, duration, and sleep fragmentation (77) . Participants wore the actigraphy watches for 1-9 days before the baseline DLMO, so baseline sleep data could not be analyzed. Sleep data during the 5 exercise days were analyzed. Sleep data were unavailable for 8 participants because of missing data when they removed their actigraphy devices during sleep. These 8 participants completed the study, but sleep was not analyzed in these participants.
Exercise intervention. We normalized exercise timing across participants by scheduling exercise relative to baseline DLMO. During the consent session, each participant was randomized to either morning (10 hours after DLMO) or evening (20 hours after DLMO) exercise. Participants were expected to arrive and For 8 participants, we estimated exercise time using habitual sleep timing self-reported on the MCTQ instead of based on DLMO because the melatonin assay kit was temporarily not available (we were unable to quickly measure melatonin in those 8 participants). Those 8 participants otherwise completed the study as usual. Participants exercised for 30 minutes for 5 consecutive days at the designated time. Exercise training was performed on a treadmill, and intensity was maintained at a heart rate corresponding to 70% of VO 2peak (determined from GXT max ).
Phase shifts. One day after the final day of exercise, each participant performed a postexercise DLMO. Phase shifts were calculated as the difference (in hours) of postexercise DLMO subtracted from baseline DLMO. As is convention, phase advances were expressed as positive values and phase delays as negative values.
Statistics. Data were analyzed using SAS (Version 9.4). Descriptive data are presented as means ± SEM. Baseline participant characteristics for the morning and evening exercise groups were compared using 2-tailed independent sample t tests. Potential confounders (e.g., baseline DLMO, MEQ, and midsleep) were identified by examining bivariate associations. One-or 2-way ANCOVA was used to analyze the effect of exercise group on phase shift while adjusting for potential confounders. Given the sample size, separate 1-way ANCOVAs were performed, accounting for potential confounders. To further examine the effect of baseline circadian phase on phase shift in each exercise group, DLMO was dichotomized into earlier and later chronotype based on a median split (early chronotypes < 22:12 baseline DLMO; late chronotypes ≥ 22:12 baseline DLMO). A stratified analysis was conducted, using a 2-way ANCOVA, to estimate the phase shift difference for earlier and later chronotypes. P < 0.05 was considered significant.
Study approval. The study was reviewed and approved by the University of Kentucky IRB, and participants provided written informed consent before inclusion in the study. Figure 5 . Study protocol. During consent, participants completed questionnaires, were measured for height and weight, and began wearing an actigraphy device. One to 9 days later, we measured baseline circadian phase with the dim light melatonin onset (DLMO) assay. Next, we took anthropometric (Anthro) and body composition (Body comp) measures and performed a maximal graded exercise test (GXT max ) to determine peak oxygen consumption (VO 2peak ). Participants then performed 5 days of treadmill exercise, where they maintained a heart rate corresponding to 70% VO 2peak for 30 continuous minutes, in the morning or evening. One day after the final day of exercise, postexercise circadian phase was assessed by the DLMO assay.
